Introduction
The Volatile Organic Compounds (VOCs) ethane (C 2 H 6 ) and ethyne (C 2 H 2 ) are two of the most important tropospheric organic trace gases. Ethane is the second most abundant hydrocarbon in the atmosphere and has a lifetime of approximately two months (Rudolph, 1995) whereas ethyne has a shorter lifetime estimated to be between two and four weeks (Logan et al., 1981) . The main sink for non methane hydrocarbons (NMHC) in the free troposphere are reactions with hydroxyl radical (OH). Ethane has a significant impact on air quality as it is a strong source of PAN (peroxyacetyl nitrate), a reservoir for nitrogen dioxide. PAN has a major effect on tropospheric ozone, which is a strong greenhouse gas and also a toxic air pollutant (Rudolph, 1995) . The main sources of ethane include biomass burning emissions, natural gas loss and biofuel consumption (Rudolph, 1995; Xiao et al., 2008 ). Ethyne's main sources include natural gas, biofuel combustion products and biomass burning emissions (Gupta et al., 1998; Logan et al., 1981; Rudolph, 1995; Xiao et al., 2007; Zhao et al., 2002) . Ethyne may act as a precursor of Secondary Organic Aerosols (SOA) through the formation of glyoxal, a by-product from of its oxidation by OH (Volkamer et al., 2009) .
Carbon monoxide (CO) is a key gas tracer in the troposphere. Sources in the troposphere include oxidation of methane and other hydrocarbons, biomass burning and anthropogenic emissions. Reaction with the hydroxyl radical is the main sink of CO. Carbon monoxide's lifetime in the troposphere is about two months. Its reaction with OH has an impact on the tropospheric chemistry of ozone and other important greenhouse gases such as methane (Logan et al., 1981; Turquety et al., 2008) .
All together these species are three of the most important NMVOCs (Non Methane Volatile Organic Compounds) in the free troposphere. They play a key role in ozone chemistry through their reactions with OH, and therefore are important for air quality and human health. Notholt et al. (1997) ; Rinsland et al. (2002) and Zhao et al. (2002) have all retrieved CO, C 2 H 6 and C 2 H 2 using ground based FTIRs (Fourier Transform Infrared Spectrometers) from solar and lunar measurements. Carbon monoxide concentrations from space have been obtained by many different instruments such as SCIAMACHY, MOPITT, and TES (Buchwitz et al., 2006; Deeter et al., 2003; Luo et al., 2007) that have a nadir viewing geometry and the ATMOS, MIPAS, SMR, ACE and MLS (Barret et al., 2006; Clerbaux et al., 2008; Funke et al., 2007; Rinsland et al., 2000; Pumphrey et al., 2007) instruments with a limb viewing geometry. Ethane concentrations have been retrieved previously by MIPAS and ACE (Glatthor et al., 2009; from enhanced concentrations in biomass burning plumes. So far, ethyne has been retrieved extensively from space by ACE, for example as reported by Park et al. (2008) in the Asian monsoon anticyclone and by MIPAS (Glatthor et al., 2007; Parker et al., 2010 ) some more limited retrievals were made previously by ATMOS for both ethane and ethyne (Irion et al., 2002) .
Concentrations of these molecules have been retrieved using data from the ACE Fourier Transform Spectrometer (FTS) and compared with aircraft data from the GTE (Global Tropospheric Experiment) TRACE-A (Transport and Atmospheric Chemistry near the Equator-Atlantic) field mission (Blake et al., 1996; Chatfield et al., 1998; Fishman et al., 1996) and from the MkIV balloon-borne FTIR flights near Fort Sumner (Toon, 1991) . A detailed discussion of these comparisons will show that ACE retrieved concentrations are in good agreement with correlative measurements.
In addition, we compare the ACE measurements with carbon monoxide, ethane and ethyne concentrations simulated by the GEOS-Chem chemical transport model (Bey et al., 2001) . In these comparisons seasonal variations and hemispheric asymmetries observed with ACE data are reproduced with good accuracy by the model output. The structure of the paper is as follows. Section two includes a description of the ACE-FTS and the retrieval process for carbon monoxide, ethane and ethyne as well as the data subset used in the paper. We will analyze the errors in the retrieval process for ethane and ethyne. The ACE CO product has been validated extensively so we simply cite the previous work . In section three the retrieved ACE concentrations will be compared with TRACE-A and MkIV data. The fourth section is focused on the GEOS-Chem model in which the set up of the model used in this paper is explained and discussed. In section five the data from ACE and GEOS-Chem are analyzed, discussed and compared; the final section is a conclusion.
ACE-FTS measurements and data
The ACE-FTS (Atmospheric Chemistry Experiment-Fourier Transform Spectrometer) is the main instrument on board the Canadian satellite SCISAT-1 launched by NASA in August 2003 (see http://www.ace.uwaterloo.ca/). Working primarily in solar occultation with a resolution of 0.02 cm −1 in the 2.2 to 13.3 µm (750-4400 cm −1 ) spectral range, the instrument provides altitude profile information for temperature, pressure and volume mixing ratios (VMRs) for numerous molecules of atmospheric interest between 85 • N and 85 • S .
The CO retrievals reported in this paper are the standard version 2.2 set of the ACE-FTS retrievals using the same linelist that was used by . We use the first overtone of CO when the fundamental lines become saturated allowing us to retrieve CO concentrations down to 5 km.
The C 2 H 6 and C 2 H 2 are a research version based in the same global-fit coupled with a Lenvenberg-Marquardt nonlinear least-square algorithm used in the version 2.2 of the ACE-FTS data . Pressure and temperatures used in the retrieval are from version 2.2. C 2 H 6 retrievals use the P Q 3 branch in the ν 7 band located around 3 µm. A 2 cm −1 microwindow centred at 2976.5 cm −1 has been used. The retrieval altitude range is between 5 and 20 km. Interferers in this microwindow are H 2 O, H 18 OH, O 3 , CH 4 and CH 3 D with VMR profiles retrieved for each of these isotopologues. Figure 1 shows, as an example, synthetic spectra calculated with the forward model, the observed spectra and the residuals with and without ethane included in the forward model. The reduction of the residuals Fig. 1 . Calculated spectrum, observed spectrum and residuals for occultation ss11613 at 9.76 km. Top panel shows a calculated spectrum without the C 2 H 6 contribution. In the residual plot we can observe the feature due to the absence of C 2 H 6 in the forward model. when ethane is included in the forward model shows the viability of the retrieval in this microwindow.
C 2 H 2 retrievals use the ν 3 and ν 2 + ν 4 + ν 5 bands in the 3 µm region. A complete list of the fourteen microwindows used for its retrieval is reported in (Rothman et al., 2005) . The errors associated with the CO retrievals have been reported previously to be smaller than 2 % . The errors for C 2 H 6 and C 2 H 2 in a typical VMR profile are dominated by statistical errors. For ethane the errors are usually between 30 % in tropical regions and improve to 20 % towards the poles. Ethyne errors are less than 25 % near the North Pole and less than 30 % near the South Pole increasing towards the equator and with altitude. A more detailed analysis of the retrieval error for these two molecules is to follow in Sect. 2.1.
About 11 000 occultations recorded between January 2004 and February 2007 have been used in this study. We have used the DMPs (Derived Meteorological Products) to filter out data within or at the edge of the polar vortex . 8200 occultations remain for the study after applying the polar vortex filter. The inclination of the SCISAT-1 orbit (74 • to the equator) (Bernath, 2006) provides a large number of occultations at high latitudes therefore we decided to discard the occultations perturbed by the descent of the cold, isolated air in the polar vortex. The locations of the occultations used are plotted in Fig. 2 . Note that there is an uneven distribution of data, with many occultations available near the poles and just a few hundred in tropical regions.
C 2 H 6 and C 2 H 2 retrieval error analysis
Error analysis of VMRs retrieved by ACE-FTS has to consider two components: the statistical or random error and the systematic error. The statistical part of the error corresponds to the error provided by the fitting algorithm . The 1σ error for the state variable x j in a LevenbergMarquardt fitting algorithm is:
where K is the Jacobian of the forward model and S y is the covariance matrix of the measurements, assumed to be diagonal. This error, often called measurement noise is plotted in Figs. 3 and 4 in orange for the average of 25 representative occultations selected for the error analysis. Analysis of systematic errors needs to be considered to quantify the effect of the variability of important parameters in the retrieval algorithm. Systematic errors are caused by the uncertainty of relevant parameters (b j ) in the retrieval process. The effects of these uncertainties in the retrieved VMRs ( x j ) have been quantified using: , 2005) and spectroscopic data uncertainties assumed to be 5 % for C 2 H 2 (Rothman et al., 2005) and 10 % for C 2 H 6 . A restricted subset of 25 occultations covering all latitudes and seasons has been selected for this analysis. The effective total error is calculated as the root mean square (RMS) of the sum of the statistical error and the systematic error components.
Figures 3 and 4 summarize the impact of the different parameters on the quality of the retrieval. In general the perturbation of these parameters has a relatively small impact on the retrieved VMRs of ethane and ethyne with changes less than 5 % for all of them. Only the perturbation of the tangent height causes a change in the retrieved VMRs which is big enough to change the effective error, at altitudes above 9 km in the case of C 2 H 6 and over the full range of altitudes for C 2 H 2 . The effective error for C 2 H 6 is between 20 % and 30 % over the 6 km to 12 km altitude range increasing to 40 % for altitudes between 12 km and 14 km. At higher altitudes the random error increases sharply due to the low atmospheric concentrations of ethane, near the limits of the retrieval. For C 2 H 2 the effective error is slightly larger than for C 2 H 6 . Ethyne errors at altitudes below 10 km are less than 30 % and increase to values between 40 % and 50 % for the altitude range between 10 km and 14 km. This error analysis shows that the VMRs errors are mainly dominated by the random component of the error with a small systematic error component caused mainly by uncertainties in the knowledge of the tangent height. Errors for single profiles are generally less than 30 % in the troposphere for both molecules.
Balloon and aircraft comparisons
We have compared our retrieved concentrations with those obtained by a similar instrument, the MkIV FTS, and with concentrations obtained with in situ instruments deployed on the DC-8 aircraft in the TRACE-A field campaign. The MkIV-FTS records solar occultation spectra from a high altitude balloon in the 650-5640 cm −1 spectral range with a spectral resolution of 0.01 cm −1 (Toon, 1991) . MkIV data obtained in five flights carried out from Ft. Relative contribution of each of the components considered in the error budget calculation. In purple in both panels is the effective total error. altitude (typically 38 km) with 2-3 km vertical resolution. The MkIV retrieval used the JPL retrieval code GFIT (Sen et al., 1998) . Figure 5 shows the result of this comparison between MkIV-FTS and ACE-FTS retrievals. Only ACE occultations within the same time period of the year (September, October, November) and within latitudes and longitudes similar to Ft. Sumner have been used to carry out these comparisons. Very few ACE occultations are near New Mexico and for this reason an average of occultations from the continental USA (30 • N-54 • N and 85 • W-115 • W) for the fall season has been used.
Below 11 km, only one MkIV occultation is available making the assessment of the MkIV measured concentration variability impossible below this altitude. The pollution plume shape of the ACE average concentrations, with enhancements of all three molecules below 11 km, introduces another difficulty in the comparison since the observed MkIV plume does not show such enhancements. Above 11 km, MkIV CO shows a consistent positive bias respect to ACE values but the shapes of both profiles are similar. For C 2 H 6 the comparison shows some of the MkIV values within one Relative contribution of each of the components considered in the error budget calculation. In purple in both panels is the effective total error. standard deviation of the ACE average profile. Finally for C 2 H 2 the situation is slightly different because the ACE average profile is between two groups of MkIV occultations. The comparison of these two datasets is only useful above 11 km whereas below this altitude the lack of MkIV measurements makes it inconsistent. However, the comparison of ACE data with the TRACE-A aircraft data, discussed below, provides valuable information for altitudes below 11 km.
The TRACE-A field campaign aircraft flights took place between 21 September and 24 October 1992. The flights were located around 12 • S and between 40 • E and 70 • W (Blake et al., 1996; Fishman et al., 1996) and only ACE-FTS occultations situated near this location and occurring in the same season have been used to compare with the aircraft data. Figure 6 shows carbon monoxide, ethane and ethyne concentrations from the TRACE-A measurements and the ACE-FTS. Values from satellite and aircraft are in good agreement with aircraft concentrations falling within one standard deviation of the average satellite values. The MkIV and TRACE-A correlative comparisons show that the concentrations retrieved using ACE spectra are generally reliable in the upper troposphere and lower stratosphere region.
GEOS-Chem
GEOS-Chem version v8-02-03 (http://acmg.seas.harvard. edu/geos/) is a global 3-D chemical transport model able to simulate trace gases and aerosol distributions in the tropo- sphere (Bey et al., 2001) . The model is driven by assimilated meteorological observations from the Goddard Earth Observing System (GEOS) of the NASA Global Modelling and Assimilation Office (GMAO). We have used here the GMAO GEOS-5 operational meteorology data. GEOS-5 meteorological fields have a temporal resolution of 6 h (3 h for surface variables), a horizontal resolution of 0.5 • latitude by 0.667 • longitude and a vertical resolution of 72 eta hybrid levels extending from the surface up to 0.01 hPa. The
resolution of these meteorological data is degraded for model input to a horizontal resolution of 4 • latitude by 5 • longitude and with vertical resolution reduced to 47 eta levels by collapsing levels above ∼80 hPa into groups of 2 or 4 layers.
For this paper we need the model predictions for ethyne, ethane and carbon monoxide with the appropriate spatial and temporal resolution. Twenty four hour average concentrations have been considered in this paper given the lifetimes of the molecules. Since the satellite data have a very uneven geographical and temporal distribution only model data coincident in time, average of a given day, and space with each ACE occultation has been used. The GEOS-Chem data have been interpolated to the satellite altitude grid of 1 km resolution.
The GEOS-Chem chemical mechanism used in this study is the standard NOx-Ox-Hydrocarbon-Aerosol simulation (Horowitz et al., 1998; Martin et al., 2003) with the dicarbonyls chemistry extension (Fu et al., 2008) in order to include explicit ethyne chemistry and updated VOCs including aromatics and dicarbonyls. The main sink for ethane is oxidation with OH. Another minor ethane sink included in the model is oxidation by NO 3 . Ethyne oxidation with OH is the only sink included in the model for this species.
Carbon monoxide and ethane emissions include anthropogenic emissions based in the Global Emission Inventory Activity (GEIA) (Wang et al., 1998) (Kuhns et al., 2005) designed for the year 1999, the Streets inventory for South East Asia (Zhang et al., 2009) (Yevich and Logan, 2003) as well as biomass burning emissions from the monthly data of the Global Fire Emission Database version 2 (GFEDv2) (Giglio et al., 2006) . For C 2 H 2 biomass burning emissions, anthropogenic emissions and biofuel emissions the model uses the approach followed by Xiao et al. (2007) based on emission factors of ethyne relative to CO. Using this set up for the emissions the following total global budgets are produced by GEOS-Chem. For carbon monoxide for the year 2005 the total emission budget is 1178 Tg with 340 Tg contribution of anthropogenic origin, 173 Tg from biofuel emissions, 610 Tg due to biomass burning and 53 Tg from monoterpene oxidation. The ethane budget for 2005 is 12 Tg C (15 Tg) with 7.5 Tg C having an anthropogenic origin, 2 Tg C from biofuel and 2.5 Tg C from biomass burning. Finally the ethyne budget is 5 Tg C with 1.25 Tg C having an anthropogenic origin, 2.75 Tg C produced due to the usage of biofuel and 1.25 Tg C coming from biomass burning. Figs. S1, S2 and S3 (Supplement) show a global map with the total emissions for each molecule.
We have run the model between February 2004 and February 2007, the period of time for which ACE-FTS data was available for this study. The model was spun-up with a 3 month run from November 2003 before restarting it in February 2004. Figure 7 shows ACE data available at 7.5 km altitude for all three molecules during the period between February 2004 and February 2007. The hotspots are due to biomass burning plumes (Tereszchuk et al., 2011) and high anthropogenic emissions. Concentrations as high as 250 ppb for CO, 2.50 ppb for C 2 H 6 and 0.5 ppb for C 2 H 2 are observed at 6.5 km, which is usually the lowest altitude retrieved. However, a number of occultations have retrievals at 5.5 km. The average profiles obtained for the entire period of study are available in supplementary Tables S1, S2 and S3 (CO, C 2 H 6 and C 2 H 2 respectively) and altitude-latitude cross sections are shown in supplementary Fig. S4 (Supplement). The hemispherical asymmetry of concentrations in the middle and upper troposphere with higher values in the Northern Hemisphere is observed in this figure for all three molecules. The horizontal resolution used for the model simulations is 4 • latitude by 5 • longitude and therefore the grid is roughly 330 km by 640 km. This allows us to compare it with the 500 km horizontal resolution ACE data (Sica et al., 2008) . ACE data above the tropopause have been discarded for the comparison between the model and the satellite using the information available in the DMPs . After the collocation the data have been averaged in 10 • latitude bins and into temporal seasons for the pe- Figure 8 shows the altitude-latitude cross sections for CO. We clearly see the hemispherical asymmetry and the seasonal variation of CO concentrations in the upper and middle troposphere linked mainly to anthropogenic emissions and biomass burning seasons over South America, Africa and boreal regions. High concentrations of CO in the Southern Hemisphere (SON season) are linked to biomass burning episodes. This is the strongest feature for CO in Southern latitudes and the model underestimates it, simulating concentrations around 17 % lower than the satellite retrieved concentrations for the SON fire season. However the model overestimates the concentrations over Antarctica and the rest of the Southern Hemisphere in DJF and MMA. Two implications can be extracted from this observation: first the model underestimates the biomass burning emissions and second in general the OH removal mechanism is not efficient enough. In the Northern Hemisphere the biomass emissions do not have such a strong impact on tropospheric CO concentrations and anthropogenic emissions are dominant. The seasonal variation is therefore not as strong as in the Southern Hemisphere and this can be observed clearly in the ACE data . Although GEOS-Chem is able to capture this feature, it underestimates CO concentrations in the Northern Hemisphere (Kopacz et al., 2010) by 15 %. The hemispheric asymmetry is also well represented by the model.
ACE-FTS and GEOS-Chem data analysis and comparison
Ethane altitude-latitude cross sections are presented in Fig. 9 . Once again the seasonal variation and the hemispheric asymmetry are well simulated by the model. Human activity is the main reason for the hemispheric asymmetry and biomass burning emissions contribute strongly to the seasonal variation in both Hemispheres. The first results obtained for ethane from the model showed an unrealistic high positive bias in the Southern Hemisphere, which led us to fix a small bug in the C 2 H 6 emissions over Africa. Emission factors were unrealistically large over Namibia leading to anomalously high emissions. It was estimated that the emissions were two orders of magnitude bigger than what they should be. Therefore to give the ethane model output a more reasonable value, emissions were reduced by 99 %. After this modification the model does well in the Southern Hemisphere where the effects of the bug in the emissions over Africa were dramatic. A more detailed comparison between the model and the ACE data is given below. Figure 10 shows a near global middle to upper tropospheric ethyne concentration distribution observed from space. Due to ethyne's low concentrations the signature associated with it is sometimes weak in the ACE spectra, and fewer measurements are available for it than for CO and C 2 H 6 . These altitude-latitude cross sections of C 2 H 2 show the expected features: hemispheric asymmetry with higher ethyne concentrations in the Northern Hemisphere, obviously linked to human activities and the use of biofuels, and the superimposed seasonal variation linked to emissions from fires and biomass burning episodes. High pollution episodes were also observed from the satellite but it is difficult to separate them from biomass burning plumes. Elevated upper troposphere concentrations from biomass burning emissions are easier to observe in the Southern Hemisphere where background concentrations are lower.
For a more detailed analysis of the model performance the data has been split into four geographical regions of particular interest (shown in Fig. 11 Figure 12 presents the results for CO, Fig. 13 for C 2 H 6 and Fig. 14 for C 2 H 2 respectively. These three plots illustrate the seasonal variation for all three molecules as well as the hemispheric asymmetry in their concentrations. For these selected regions the mean bias (bias), the mean absolute bias (|bias|) and the correlation coefficient between satellite and model data have been calculated as: 
This statistical analysis is summarized in Table 2 for CO, Table 3 for C 2 H 6 and Table 4 for C 2 H 2 . The CO mean bias between ACE and GEOS-Chem is less than 30 percent for all the regions and seasons. Only North America and Eurasia JJA05 and Antarctica DJF0405 have greater mean biases. In general the model underestimates the CO concentration in the Northern Hemisphere while overestimating it in the Southern Hemisphere. The mean bias is always negative over North America and Eurasia but is always less than 40 %. For the case of the C 2 H 6 the mean bias is smaller than 35 % in all regions for all seasons and only in the Antarctic region does the model significantly overestimate the concentrations. As discussed above, the C 2 H 6 emissions were modified in the model after finding a problem in the Southern regions of Africa; a more detailed study is needed to assess and improve the model performance in the polar latitudes of the Southern Hemisphere. Finally the analysis of C 2 H 2 shows a high mean bias in North America for the DJF0405 season and in Antarctica for the MAM05 and JJA05 seasons. In general the seasonal variation of ethyne at 8.5 km is small according to the ACE data, while the model predicts a greater seasonal variation, linked to the emissions especially in the Northern Hemisphere. The long time series model simulations for CO, C 2 H 6 and C 2 H 2 (which are shown on Figs. 12, 13 and 14) display a flatter behaviour than the corresponding satellite data. Fast transport of the emissions (especially biomass burning emissions) into the free troposphere could be the reason behind the observed discrepancies.
Conclusions
The near global tropospheric distributions of CO, C 2 H 6 and C 2 H 2 have been presented using data from the ACE satellite. Approximately 8200 extravortex profiles were used in this study covering the period between February 2004 and September 2007. It has been possible to observe seasonal variations, and to relate these variations with the main sources of these trace gases: biomass burning and anthropogenic emissions. Values up to 250 ppb have been observed for individual profiles of CO, up to 2.5 ppb for ethane and up to 0.5 ppb for ethyne that are likely associated with biomass burning plumes or strong pollution events. The GEOS-Chem model has been run with the dicarbonyls extended chemistry and has been compared with the ACE-FTS observations. Agreement between the model and the satellite data is good having mean bias values smaller than 40 % for all three molecules in all regions and seasons at 8.5 km in altitude. The only exception is the large high bias for C 2 H 2 over Antarctica, as suggested in the main text this feature may be linked to the efficiency of the OH removal mechanism. The mean bias of the model relative to the observations for all data at 8.5 km is −12 % for CO, −7 % for C 2 H 6 and 1 % for C 2 H 2 . The hemispheric asymmetry and seasonal variation observed for all three molecule concentrations has been linked to changes in anthropogenic and biomass burning emissions. The ACE data have been compared with similar measurements made by the balloon-borne MkIV-FTS and with aircraft data obtained in the GTE TRACE-A campaign showing that the ACE retrievals are reliable in the upper troposphere lower stratosphere region.
Supplementary material related to this article is available online at: http://www.atmos-chem-phys.net/11/9927/2011/ acp-11-9927-2011-supplement.pdf.
